Copper wiring formation on a resin material with a low dielectric constant, a low dielectric loss and a smooth surface is indispensable to realize high-frequency signal propagation with fine wiring patterns. Cycloolefin polymer (COP) resin is a promising material to meet these requirements. We propose adhesive copper seed layer formation on the COP by magnetron sputtering as an alternative to the electroless deposition which usually requires an intentional roughnessinduced process to obtain practical adhesion between the resin and the metal. The proposed process steps include plasma nitridation of the COP surface, thin CuN film deposition and Cu film deposition before the electroplating. Excellent adhesion strength between the COP and the metal, greater than 1 kN/m, can be obtained while maintaining a smooth surface, which is attributed to the strong chemical bond generated between the nitrided COP surface and the CuN film. The coplanar transmission line was fabricated using the proposed process steps with semi-additive processes, and we found that the introduction of relatively high-resistive CuN film does not cause degradation of the propagation characteristics.
Introduction
To realize copper wiring on resin materials with high frequency signal propagation, low electrical power consumption and high-density packaging, flat copper wiring on a smooth resin material with a low dielectric constant and a low dielectric loss is essential. Cycloolefin polymer (COP) resin is a promising material which satisfies these requirements, where its relative dielectric constant and dielectric loss tangent are around 2.35 and an order of 10 -4 for a wide frequency region within 70 GHz, respectively. [1] Furthermore, COP has excellent low moisture absorption characteristics. Thus, process technologies for realizing copper wiring on the smooth COP surface have been studied. [2] [3] [4] [5] Our group proposed adhesive copper seed-layer formation processes on the smooth-surface COP using magnetron sputtering as an alternative to the electroless deposition which usually requires an intentional roughness-induced process to obtain practical adhesion between the resin and the metal. Rough surfaces degrade the signal propagation characteristics of wiring, especially as signal frequency increases, because the traveling length of the electrical current, and hence conductor loss, increases due to the decrease of skin depth which defines the level of current flow from the metal surface. At the same time, electroless deposition involves a heavy environmental load. The adhesive seed layer can be obtained by introducing consecutive processes of plasma nitridation of the COP surface, thin copper nitride film deposition, and copper deposition by magnetron sputtering before the electroplating. [3, 4] Notably, because we have developed the novel magnetron sputtering equipment called rotation magnet sputtering which can realize high target utilization, [6] production costs can be reduced compared to the use of conventional magnetron sputtering equipment by realizing high productivity. In this paper, characteristics of the proposed adhesive COP-metal stacked layer are investigated 
Signal Propagation
Tetsuya Goto*, Takatoshi Matsuo**, Masamichi Iwaki*, Kazuki Soeda*, Ryosuke Hiratsuka*, Shigetoshi Sugawa*, and Tadahiro Ohmi* in detail to gain further understanding of the mechanism of generating excellent adhesion. Also, the high frequency propagation characteristics of the coplanar transmission line fabricated using the proposed process steps are presented. Figures 1(a) and 1(b) show the cross-sectional structure of the newly developed rotation magnet sputtering and the bird's eye view of its magnet system, respectively. [6] The magnet system includes helical magnets with alternative polarities, and multiple moving plasma loops are excited at the target surface by rotating the helical magnets using a motor. This results in full erosion of the target surface, and easily realizes a high target utilization, larger than 60%, much better than the 30% realized in typical conventional fixed rectangular magnet systems. In the experiment, a rectangular 6-mm-thick copper target (350 mm × 112 mm) was used. The width of the deposition region, which is defined by a slit formed by a electrically grounded plate as shown in Fig. 1(a) , was 60 mm. A 0.1-mm-thick COP substrate with a typical size of 50 mm × 100 mm was set on a movable grounded stage below the target, and the film deposition as well as the plasma treatment, such as plasma nitridation, were performed by scanning the movable stage through this deposition region. The moving speed of the stage was set at 8 mm/s. Figure 2 shows the proposed seed layer formation steps before the Cu electroplating.
Experimental Setup
The plasma nitridation was carried out by Ar/N 2 plasma with various N 2 additive ratios [ratios of N 2 flow rate to the total flow rate (400 sccm in the experiment)]. The movable stage was scanned two times for the plasma nitridation, which corresponds to a plasma irradiation time at an arbitrary position of the COP substrate of 15 seconds. Hereafter, process time will be described in this way. Working pressure in the chamber was 52 Pa. A 13.56 MHz-rf power was applied to the Cu target with a power density of 0.25 W/cm 2 . Since this power density was small and working pressure was relatively high compared to the typical pressure for film depositions, the target bias voltage generated was small. Thus, the sputtering of the Cu target and resulting film deposition on the COP surface were negligibly small, at least in the short plasma treatment time of 15 sec- Adhesion strength, the force required per width (5 mm) to peel the Cu film at 30 mm/min, was measured using a peel testing machine. Scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDX), X-ray photoelectron spectroscopy (XPS), atomic force microscopy (AFM), and a contact angle measurement machine were used to characterize the samples.
The coplanar transmission line was fabricated on the COP surface using the widely used semi-additive method.
The seed layer was formed using the proposed process steps. Then, a dry-film resist was laminated on the seed layer surface, and that was followed by photo-lithography 14 Transactions of The Japan Institute of Electronics Packaging Vol. 5, No. 1, 2012 patterning of the dry-film resist. Then, Cu electroplating was carried out, and that was followed by wet etching of the dry-film resist. Finally, the exposed seed layer was eliminated by slight wet etching to isolate the wiring pattern. The high-frequency propagation characteristics were measured using the network analyzer (E8364B Agilent Technologies) and the G-S-G probe (I50-A-GSG-150 Cascade Microtech). Figure 3 shows the adhesion strength between the COP resin and the metal as a function of the N 2 additive ratio in the plasma nitridation processes. The samples were fabricated by the process steps shown in Fig. 2 . The N 2 additive ratio was changed from 0% to 60%, while the total gas flow rate was kept at 400 sccm. Note that the N 2 additive ratio of 0% means that the COP surface was irradiated by pure Ar plasma, so there is no nitridation of the COP surface. In addition, a case without the introduction of CuN film deposition was carried out in the pure Ar-plasma treated case (i.e., the Cu seed layer was deposited after pure Ar plasma treatment), and plotted in Fig where S is the area of the measurement field, z(x, y) is the height at position (x,y) and Z AVE is the averaged height in the measurement field. It is found that both R a and the P-V can be maintained at very low levels, around 0.5 nm and less than 10 nm, respectively, even after the plasma treatments and film depositions, demonstrating that the plasma treatment does not significantly roughen the COP surface. where the surface in the latter case is very rough with the dimple-like structure described above. Although the reason is not clear at present, the dimple-like structure might result from the generation of strong tension inside the COP resin during the peel test due to the strong adhesion.
Results and Discussion

Adhesion characteristics
As for the Cu component in the EDX measurement, there are no significant differences between the various cases, indicating that the thickness of the attached C layer is sufficiently thinner than the measurement depth of EDX, which is a few μm.
Measurements of plasma-treated COP surface
To investigate chemical changes in the COP surface induced by the plasma treatment, XPS was carried out for the COP surface after the plasma treatment; i.e., the plasma-treated COP films without Cu and CuN film depositions were applied to the XPS measurements. Figure 6 We also checked the wettability of the COP surface after the plasma treatment. It is generally difficult to discuss a relationship between wettability and adhesion, especially if the adhesion layer is formed by dry processes such as 
Coplanar transmission line
The proposed metallization processes described above were applied to the fabrication of a coplanar transmission line in order to evaluate the electrical performance of wiring. Figure 9 shows a SEM image of the pad region of the fabricated coplanar transmission as well as its schematic cross-sectional structure. The width of the signal line and the spacing between the signal line and the ground were 200 μm and 20 μm, respectively, which corresponds approximately to the characteristic impedance of 50 Ω.
The length of the coplanar line was 2 cm, and the Cu thickness was 12 μm. Widely used semi-additive processes were successfully applied to the fabrication of the coplanar line with CuN and Cu film deposition by magnetron sputtering as the seed layer as shown in Fig. 9 . The existence of the CuN film increases the total resistivity of the wiring and thus might degrade its electrical properties. Therefore, it is important to evaluate the effect of the introduction of CuN. It has been already confirmed that CuN resistivity increases with an increase of the N 2 additive ratio in the rf-dc coupled sputtering. [3] In this study, the CuN film was deposited by dc sputtering to reduce the heat flux on the COP substrate. We have also confirmed that the behavior of the resistivity in the dc-sputtering case is similar to that in the rf-dc coupled sputtering case, and that the resistivity is about 18 μΩcm in this study, which is about 10 times higher than the pure Cu resistivity of 1.8 μΩcm. To overestimate the effect of introducing the high-resistive CuN film, the thickness of the CuN film was set at 0.14 μm which was 4 times thicker than that in the case of the aforementioned adhesion measurements. Figure 
Conclusion
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